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EP 3 714 143 B1
Description

Field of the invention

[0001] The present invention relates to a method of identifying at least one design point for a turbine, and designing
the turbine according to the design point. It further relates to a turbine produced by the design method, and a turbocharger
including the turbine.

Background of the invention

[0002] Turbomachines are machines that transfer energy between a rotor and a fluid. For example, a turbomachine
may transfer energy from a fluid to a rotor or may transfer energy from a rotor to a fluid. Two examples of turbomachines
are a power turbine, which uses the rotational energy of a rotor driven by a fluid to do useful work, for example, generating
electrical power; and a compressor which uses the rotational energy of the rotor to compress a fluid.

[0003] Turbochargers are well known turbomachines for supplying air to an inlet of an internal combustion engine at
pressures above atmospheric pressure (boost pressures). A conventional turbocharger essentially comprises an exhaust
gas driven turbine wheel mounted on a rotatable shaft within a turbine housing connected downstream of an engine
outlet manifold. Rotation of the turbine wheel rotates a compressor wheel mounted on the other end of the shaft within
a compressor housing. The compressor wheel delivers compressed air to an engine inlet manifold.

[0004] The turbocharger shaft is conventionally supported by bearings such as journal and thrust bearings, including
appropriate lubricating systems, located within a central bearing housing connected between the turbine and compressor
wheel housings. After driving the turbine wheel the exhaust gas exits the turbine through a gas outlet which is at the
opposite end of the rotational axis of the turbine wheel from the bearing housing.

[0005] It is well-known for the multiple cylinders of an internal combustion engine to be partitioned into two groups of
cylinders, and for the exhaust gas emitted by the respective groups of cylinders to be transmitted into two respective
gas inlets of a turbocharger. The gas inlets are in fluid communication with a chamber of the housing containing the
turbine wheel via respective gas inlet volutes. The volutes are spaced from each other along the rotational axis of the
turbine wheel, such that a first of the volutes is closer to the bearing housing (the "bearing housing side volute" - BH),
and the other s closer to the turbine outlet side (the "turbine outlet side volute" - TO). The volutes may be circumferentially-
spaced from each other about the rotational axis of the turbine wheel ("double-entry" volutes"), or axially-spaced but not
circumferentially-spaced ("twin-entry" volutes). The term "full admission", or "equal admission", refers to the assumption
that gas in both of the turbine entries have equal mass flow rates and pressures. However, the reality is that the two gas
inletsin fact receive different mass flow rates and inlet pressures (a phenomenon called "partial admission"). Furthermore,
flow entering each volute is unsteady, and the exhaust gas entering a first of the volutes may have different a pressure
waveform from that of gas entering the other volute, which is furthermore out of phase with the pressure waveform of
gas entering the first volute.

[0006] EP 2930337A1 discloses a control method for a supercharged internal combustion engine using a turbocharger,
based on functions of the average power delivered by the turbine. DE 10 2015 219459B3 shows a method for operating
a turbocharger for an internal combustion engine with a pulsating exhaust gas flow.

Summary of the invention

[0007] The invention relates to methods defined by claims 1 and 8 for determining at least one design parameter for
a turbine for an internal combustion engine, and methods defined by claims 10 for producing a turbine based on the
determined design parameters.

[0008] In general terms, the invention proposes that a turbine with multiple gas inlets is designed by a process of, for
a given engine, obtaining time series data characterizing the available turbine power at each gas inlet volute (which
depends upon the bias of the engine between the groups of cylinders which feed exhaust gas into the respective gas
inlet volutes), obtaining an isentropic power associated with each data point of the time series, and using the isentropic
power of the data points to obtain a design point. The turbine is then designed based on the design point, such as by
optimising one or more design parameters of the turbine based on the design point.

[0009] For example, the design point may be an isentropic-power weighted mean turbine expansion ratio, and a
isentropic-power weighted mean scroll pressure ratio. Since the design point is selected based on isentropic-power
weighted parameters, the design point is not unduly affected by points in the engine cycle at which the available power
is low.

[0010] A different candidate design point may be obtained for each of the volutes, and then the design point is selected
from among the candidate design points. Each candidate design point may be produced by filtering the time series data
using a respective filter, and using the remaining points to generate the mean turbine expansion ratio and mean scroll
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pressure ratio.

[0011] For example, the filter for each volute may be such as to retain (e.g. only) data points for which a calculated
scroll pressure ratio of the data point indicates that the scroll pressure is greater for that volute than for the other volute.
[0012] Once the design point has been obtained, there may be a step of determining whether the design point meets
at least one pre-determined criterion indicating that high turbine power is delivered at equal flow. For example, the
criterion may be whether the magnitude of a logarithm of a scroll pressure ratio associated with the design point is below
a threshold. If the criterion is met, then optionally the turbine may be designed by a conventional process, i.e. without
using the design point obtained using the isentropic power of the data points.

[0013] Otherwise, the design process may include one or more design steps, in each of which an optimization process
is carried out in which one or more parameters of the turbine are iteratively varied based on the design point, thereby
resulting in (candidate) turbine designs. The design steps may be computer assisted.

[0014] In an embodiment, the design process includes a first design step in which first parameters of the turbine are
generated (i.e. aturbine is designed), for example by an optimisation process based on the design point. This optimization
process may be performed multiple times, each time producing a respective candidate turbine design which has a
respective value of the parameter "reaction”. From the optimised designs, a reaction value is chosen, and the final turbine
design has the chosen reaction value. Optionally, in a second design step, parameters of the turbine are generated (i.e.
a final turbine design is produced) by an optimization process based on the design point and the chosen reaction value.
[0015] Here the parameter "reaction" is conventionally defined as the change of enthalpy in the turbine rotor blades
compared to the overall change of enthalpy in the turbine. Reaction is measure of how much gas expansion occurs in
the turbine wheel relative to the total turbine stage (housing plus wheel). A low reaction signifies that there is a relatively
large wheel (exducer) and a relatively small housing, while a high reaction indicates that there is a small wheel (exducer)
and relatively large housing. The two-step design process means that a reaction associated with relatively high efficiency
may be selected, and then the turbine designed with that reaction as a constraint.

[0016] The reaction may alternatively be expressed as a ratio (CAyqsing/ CAuneer) Of @ critical area CAyg 5ng Of the
housing, and a critical area CA,, ¢ Of the turbine wheel. The critical area of the housing, CAyqsing: is the cross-sectional
area of the volutes measured at a plane that intersects the rotational axis of the turbocharger where the combined cross-
sectional area of the volutes is at its smallest, upstream of the opening into the chamber. The critical area of the wheel,
CA,heels is defined as the smallest area along the meridional length of the wheel (that is, along the flow path defined
between the blades) transverse to the flow path. This is usually located in the exducer of the wheel.

[0017] Accordingly, in the first design step, each optimization process may be performed using a respective value of
the ratio (CAnousing/CAwheel): Which is kept constant during the optimization process. Similarly, the step of choosing the
reaction value amounts to a selection of a value for the ratio (CApqysing/ CAwneer), and the second design step is performed
by an optimization process which does not vary the selected ratio (CAnqysing/ CAwneel)-

[0018] An independent aspect of the invention is a process of designing a turbine comprising (i) obtaining a design
point, (ii) for each of a plurality of reaction values, designing a candidate turbine using the design point, and (iii) selecting
a reaction value from among the plurality of reaction values, the final turbine design using the selected reaction value.
It is not necessary to this expression of the invention that the design point is selected based on isentropic power values.

Brief description of the drawings

[0019] A non-limiting embodiment of the invention will now be described, for the sake of example only, with reference
to the following figures, in which:

Fig. 1 is a cross-sectional drawing of a known turbocharger;

Fig. 2 illustrates how a turbine of the turbocharger of Fig. 1 is conventionally connected to an engine manifold of an
internal combustion engine;

Fig. 3, which is composed of Figs. 3(a) and 3(b), illustrates equal and partial admission of exhaust gas into two gas
inlets of the turbine of the turbocharger of Fig. 1;

Fig. 4 illustrates the time-variation of gas pressures at the gas inlets of the turbine of the turbocharger of Fig. 1;
Fig. 5 is a plot of turbine expansion ratio and scroll pressure ratio for an engine cycle of a typical internal combustion
engine;

Fig. 6 shows steps of a method which is an embodiment of the present invention;

Fig. 7 illustrates the accuracy of a first numerical estimate employed by the embodiment;

Fig. 8 illustrates the accuracy of a second numerical estimate employed by the embodiment;

Fig. 9 illustrates numerical values produced by the embodiment of the invention;

Fig. 10 illustrates a process for obtaining a design point for a gas inlet volute in the embodiment;

Fig. 11 illustrates schematically how data points are filtered by the embodiment;

Fig. 12 illustrates two design points obtained by the embodiment;
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Fig. 13 is a plot of turbine stage efficiency against scroll pressure ratio for a candidate turbine design produced by
the embodiment;

Fig. 14 shows the turbine stage efficiency of turbines designed by the embodiment for different reaction values; and
Fig. 15 illustrates the effect of reaction on turbine stage efficiency in a turbine designed by the embodiment.

Detailed description of the embodiments

[0020] Figure 1 shows a schematic cross-section through a known turbocharger 1. The turbocharger 1 comprises a
turbine 11 joined to a compressor 12 via a central bearing housing 13. The turbine 11 comprises a turbine wheel 14 for
rotation within a turbine housing 15. The turbine wheel 14 has a rotational axis 2 (in the plane of the diagram) and blades
9. Similarly, the compressor 12 comprises a compressor wheel 16 (or "impeller") which can rotate within a compressor
housing 17. The compressor housing 17 defines a compressor chamber 38 which is largely filled by the compressor
wheel 16, and within which the compressor wheel 16 can rotate. The turbine wheel 14 and compressor wheel 16 are
mounted on opposite ends of a common turbocharger shaft 18 which extends through the central bearing housing 13.
The turbocharger shaft 18 is rotatably supported by a bearing assembily in the bearing housing 13 which comprises two
journal bearings 34 and 35 housed towards the turbine end and compressor end respectively of the bearing housing
13. The bearing assembly further includes a thrust bearing 36.

[0021] The turbine housing 15 has two exhaust gas inlet volutes 19a, 19b located annularly around the turbine wheel
14, and an axial exhaust gas outlet 10. The volutes 19a, 19b are symmetrical with respect to each other in a mirror plane
perpendicular to the axial direction (note that in other known turbine housings the volutes are not symmetrical; furthermore
in "double entry" turbines the volutes are circumferentially spaced, such as by 180 degrees, about the rotational axis 2
of the turbine). The compressor housing 17 has an axial air intake passage 31 and a volute 32 arranged annularly around
the compressor chamber 38. The volute 32 is in gas flow communication with a compressor outlet 33. The compressor
chamber 38 is connected to the volute 32 by a radially-extending diffuser space 39 (also referred to here as a "diffuser")
which is a gap between a radially-extending shroud surface 25 of the housing 17, and a radially extending hub surface
26 of the bearing housing 13. The diffuser 39 is rotationally symmetric about the rotational axis 2 of the shaft 18.
[0022] In use, exhaust gas is provided to the two exhaust gas inlet volutes 19a, 19b from an exhaust manifold (also
referred to as an outlet manifold) of the engine (not shown) to which the turbocharger is attached. The inlet volutes 19a,
19b are divided by a divider wall 20 which extends radially inwardly from the radially outer wall 21 of the turbine housing
15, to a tip 22. The exhaust gas exits the inlet volute 19a through a gap between the tip 22 of the divider wall 20 and a
first shroud surface 23 of the turbine 11. The exhaust gas exits volute 19b through a gap between the tip 22 of the divider
wall 20 and a second shroud surface 24 of the turbine 11. Thus, the exhaust gas passes from the exhaust gas inlet
volutes 19a, 19b to the exhaust gas outlet 10 via a turbine wheel 14, which is rotated by the exhaust gas. In variants,
the second shroud 24 surface may be provided as a surface of the bearing housing or some other component, instead
of being a surface of the turbine housing 15.

[0023] The turbine wheel 14 in turn rotates the compressor wheel 16 which thereby draws intake air through the
compressor inlet 31 and delivers boost air to an inlet manifold of the engine via the diffuser 39, the volute 32 and then
the outlet 33.

[0024] Fig. 2 shows the turbine 11 in use (the rest of the turbocharger 1 is omitted), connected to the engine manifold
40 of an engine. A TO (turbine outlet) gas inlet of the turbine 11 in fluid communication with the gas inlet volute 19a is
denoted 34, and a BH (bearing housing) gas inlet of the turbine 11 in fluid communication with the gas inlet volute 19b
is denoted 3,. The engine manifold includes passages 41, 42, 43 for transmitting exhaust gas from a first group of three
cylinders of the engine to the gas inlet 3, of the turbine 11, and passages 44, 45, 46 for transmitting exhaust gas from
a first group of three cylinders of the engine to the gas inlet 3, of the turbine 11. The reference numeral 4 denotes the
turbine outlet.

[0025] It is known that through a combustion cycle, the flow entering the exhaust gas inlet volutes 19a, 19b varies.
We use the following notation. A quantity with a superscript dot (e.g. b) denotes a variable which takes a respective
value at each of a number of respective angular positions of the turbine wheel (e.g. a respective value at angular positions
spaced apart by, for example, one degree), also referred to as the crank angle. Such a quantity must be measured (or
calculated) at high frequency. By contrast, a quantity with a superscript dash (e.g. p) denotes a quantity which is averaged
over the rotational period of the turbine wheel (i.e. over the cycle). A quantity with a subscript 1, or 3,1, denotes a quantity
measured at the gas inlet 34, whereas a quantity with a subscript 2, or 3,2, denotes a quantity measured at the gas inlet

3,. A quantity with a subscript 4 denotes a quantity measured at the turbine gas outlet 4.
[0026] Fig. 3(a) illustrates the flow from the volutes 19a, 19b towards the turbine wheel 14 when the pressures in the
mex,l

volutes 19a, 19b are equal. The mass flow ratio (MFR) is defined (at any instant) as Mexat Mex2 \where rhem is the
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mass which flows along volute 19a per second, and rhex,Z is the mass which flows along volute 19b per second. An MFR

of 0.5 means that both volutes are contributing equally to the mass flow.

[0027] However, a situation in which the pressures in the volutes 19a, 19b are not equal is referred to as "partial
admission". Fig. 3(b) illustrates what occurs when there is a pressure pulse in the volute 19a which means that the
pressure is higher than in the volute 19b. Exhaust gas from the volute 19a not only passes towards the turbine wheel
14, but also passes to the volute 19b ("recirculation"). Thus the high pressure volute 19a has completely blocked the
low pressure volute 19b, and MFR is greater than one. The recirculation causes energy losses.

[0028] We use the following abbreviations:

P Pressure. Thus

T Temperature

ER Turbine expansion ratio
SPR Scroll Pressure ration

Pi Turbine Expansion Ratio

W(T)  Turbine Power
Mgy Exhaust mass flow rate
°CA The crank angle (measured in degrees)

[0029] Thus, the pressure at the gas inlet 3, is P3y1, while the pressure at the gas inlet 3, is P3y2. Fig. 4 is a plot of
time series data composed of data points collectively indicating the variation over engine cycles of P3y1(line 51)and P3y2
(line 52). The respective time-averaged values of these pressures are almost identical and are indicated as line 53. This
time-averaged value depends upon the data points (which in turn depend on the engine operating point which depends
on the fuel conditions) and the averaging method and line 54 indicates an average value of the time-average pressure
at the gas inlets, as measured by a dynamometer of the engine. For various reasons, the value measured by the
dynamometer is typically inaccurate. The data measured on the dynamometer typically uses pressure measuring in-
struments mounted at the end of a long pressure measurement line. The line attenuates the pressure signal hence the
‘mechanical averaged’ p3 is lower than the time average of the instantaneous data (taken with a close coupled transducer)
[0030] The expansion ratios (ER) are defined as follows:

ER, =22 and ER,==2 (1)
4

4

where P,is the time-averaged pressure at the outlet 4. Note that in an alternative, P, may be replaced by P, in this

definition.
[0031] The (instantaneous) scroll pressure ratio (SPR) is defined as the ratio of the turbine inlet pressures, which can
be calculated either from partial admission maps or on-engine data by high-speed data acquisition (HSDA).

SPR = D1 @)

P3,2

[0032] Typically, diagrams of this parameter are plotted using the logarithmic parameter logq (SPR), in order for the
scale to be symmetric between the two volutes.
[0033] The (instantaneous) turbine inlet expansion ratio is defined as:

__ ERy+ER,
-2

Pt (3)
[0034] Itisknown to plotthe respective values P,against SPRoveracycle, giving adiagram such as that shownin Fig. 5.
[0035] D.Luckmann,etal.,"Advanced Measurementand Modeling Methods for Turbochargers”, MTZ 0612016 Volume
77 includes a plot of the efficiency of a conventional twin-entry turbine for various values of values P, against SPR. The
efficiency is not symmetrical with respect to log,y (SPR), but instead is typically higher when log,, (SPR) is negative
(i.e. the pressure is greater in the BH gas inlet volute than in the TO gas inlet volute) than when it is positive.

[0036] Turing to Fig. 6, a method 100 which is an embodiment of the present disclosure is shown. The embodiment
is for designing and producing a turbine for a real engine of a specific type, such as the one which generated the plot
of Fig. 5. Considering the known plot discussed above of the efficiency of a twin-entry turbine for various values of P,
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and SPR, the embodiment’s design strategy can be summarized as designing the turbine such that the regions in the
P,—SPR plane for which the designed turbine has high efficiency coincide with the measured trajectory illustrated in Fig.
5. To simplify the design algorithm, the trajectory of Fig. 5 is "distilled" into a small number of representative "design
points" in the P,—SPR plane, and the turbine is designed to have high efficiency for those design points.

[0037] In step 101 of the method 100, the isentropic turbine power bias of the real engine is identified. Step 101 is
performed by measuring P3y1 and P3y2 athigh frequency (typically 12 to 120kHz depending on engine speed and resolution

required), and converting this time-series of data points into desired quantities as follows using mean (i.e. time-averaged
over the engine cycle) quantities which are available from a supplier of the engine and/or are measured at low frequency,
such as T34, T 5, Py, Mg, 1and mg, 5. Note that in a variation of the embodiment, the measured data may be different.
For example, high frequency data P4 may be obtained and used instead of the mean value P_4.

[0038] In step 102, a design point is obtained as follows.

[0039] Therespectiveturbine isentropic powers forthe gas inlets 19a and 19b, for any given crank angle, are defined as:

y—=1
i . . 1 JLA—
oo =T X6 X <1 ()" ) @
y-1
q . . 1
Heats = e X 6p 2Tz X <1 ()" ) 5)

where ¢, is the specific heat capacity of the exhaust gas. Egns. (4) and (5) indicate the total available power which the
turbine could in principle generate using the exhaust of the real engine, rather than what the turbine actually recovers,
which is a function of the design of the turbine.

[0040] ER1 and ERzare calculated straightforwardly using Eqn. (1) and the time-series of data points. Note that in a

variant of the embodiment, if high frequency data P4 is available, Eqn. (1) may be calculated by using P4 instead of the
mean value P,.

[0041] Instantaneous measurements of T3,1 and 7'32 may be hard to obtain at high frequency, but from the ideal gas
law we obtain, for an ideal gas:

y-t
Ty Piy\ 7
B (fa) 7 ©)
3,1 3,1
where vy is the polytropic index of the gas. In a real gas, we would expect the polytropic index to be greater than y. We
have found, from a one-dimensional engine numerical simulation illustrated in Fig. 7, that the expression

n—1

o)

T31 Py

is well obeyed for a value of n of 1.5. In Fig. 7, line 201 indicates the time-profile of the instantaneous pressure at the
output of a simulated engine. Line 202 is the simulated instantaneous temperature of the gas, and area 203 indicates
a =1.5% error around this value. Line 204 is obtained from Eqn. (7) using n=1.5. Line 204 tracks line 202 to within the
error margin indicated by area 203.

[0042] Theinstantaneous mass flow rate mex,1 and rhex,Z are also difficult to measure exactly, but they can be expressed
as:

r+1

Y 2 \y-1 . .
RT31 . (m) and mex_zszA2P3_2

Y+t

Y. (L)V‘l (8).

RT3, \y+1

mex,lzch1P3,1

[0043] Here A; and A, are the respective critical areas of the gas inlet volutes. That is, CA;5ing=A1+Ay. Cyis a
parameter called the "discharge coefficient".

[0044] Thus, by approximating y as above by n=1.5, and using values for Cd and R given in standard tables, mex,1
and mex,Z can be calculated for any crank angle using Eqn. (8).
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[0045] Note that C4 may not be not known in advance. If not, it can be worked out by an iterative process. First, we
ex,1» then find the mean of mex,1 over time, and compare
it to the known value of m,, 4. If the two are different, the C is varied. This process is carried out iteratively until the two
are the same. In a case in which m,, 4 is not available, but me, = My, 4 + My, , is known, the embodiment first finds m, 4

assume a value for C, work out what value this would imply for m

Mex1 _ SPR
and Mg, , from m, by assuming that ""ex2 , and then uses Mg, 1 O My, , in the iterative process.
[0046] The accuracy of this approach is demonstrated in Fig. 8. In Fig. 8, line 211 indicates the time-profile of the
instantaneous mass flow rate output of a simulated engine, and area 212 indicates a =1.5% error around this value.
Line 213 is obtained from Eqn. (8), and tracks line 211 to within the error margin indicated by area 212.
[0047] Inserting the calculated values of ERy , ERy, T34, Ta5 . Mgy 1 and mg, , into Eqn. (4) and (5), gives the values
of Wt,1,is and Wt,z,is illustrated by lines 221 and 222 in Fig. 9. Their sum, which is the total turbine isentropic power, is
illustrated by line 223.
[0048] Respective candidate design points for each of the volutes 19a, 19b are calculated as follows. For each of the
volutes, the sub-steps illustrated in Fig. 10 are performed to generate the respective candidate design point.
[0049] In a first sub-step 301, the data points for the real engine illustrated in Fig. 5 are filtered. The filter is different
for each of the volutes 19a, 19b. For the volute 19a on the turbine outlet side, the filter retains only the data points for
which logyg (SPR) is greater than zero. For the volute 19b on the bearing housing side only the data points for which
log4g (SPR) is less than zero are retained. Fig. 11 illustrates the data points remaining for the turbine outlet side volute
following this filtering operation. Note that the remaining data points include the midpoint 231 on the SPR interaction
plot, because it is not exactly on the log4q (SPR)=O axis.
[0050] In sub-step 302, for each of the filtered (i.e. remaining) data points, the product is calculated of the respective
instantaneous isentropic power for the volute (i.e. Wty1y,-sor Wt,2,is respectively) and the respective scroll pressure ratio
SPR.
[0051] In sub-step 303, an isentropic power weighted mean SPR is calculated, by:

isentropic power weighted mean SPR = ZSRXIsentropic Power (9)

Y Isoentropic power '

where in each case the sum is over the filtered data points, and "Isentropic power" refers to Wm,iS or Wt,z,is respectively.
[0052] In sub-step 304, for each of the filtered data points, the product is calculated of the respective instantaneous
isentropic power for the volute (i.e. Wm,is or thzl,-s respectively) and the respective turbine expansion ratio P;.

[0053] In sub-step 305, the isentropic power weighted mean Pi is calculated, by:

. . . . PixIsentropic P
isentropic power weighted mean Pj = Z2osentronic Power (10)
Y Isoentropic power

where in each case the sum is over the filtered data points, and "Isentropic power" refers to meis or Wt,2,is respectively.
[0054] For each gas inlet volute 19a, 19b, the candidate design point is the isentropic power weighted mean Pi and
the isentropic power weighted mean SPR.

[0055] Fig. 12 is the same as Fig. 5 but with the two candidate design points 241, 242 for the respective volutes 19a,
19b obtained by this process overlaid.

[0056] There is then a process of selecting one of the two candidate design points as the design point to be used in
the design process of steps 104-107. One or more criteria can be used for this, such as the candidate design point for
which the isentropic power is highest. Alternatively, the embodiment may determine which of the two candidate design
points the locus of Fig. 5 is closest to for the greatest proportion of the engine cycle period.

[0057] In step 103 a determination is made of whether the design point (i.e. the selected candidate design point)
exhibits one or more criteria indicating that equal flow predominates. For example, the design point may have an isentropic
power weighted mean SPR with an absolute value less than a predetermined threshold. If the one or more criteria are
met, then the turbine may be designed by a conventional method which does not take into account the design point
obtained in step 102. This possibility is not illustrated in Fig. 6.

[0058] However, if the one or more criteria are not met, the turbine is designed by the process of steps 104-107 using
the design point to select parameters of the turbine.

[0059] Step 104 is a first design step, based on the design points. This step may be performed using a known opti-
misation process which is familiar to turbine designers, to optimise the design of the wheel and/or housing subject to
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the design point. The shape of both the gas inlet volutes is modified during the optimization process. The optimization
process is carried out multiple times, each time using a different respective value of the ratio (CAyqysing/ CAwheel) (i-€- @
different respective reaction value), thereby generating multiple respective turbine designs.

[0060] Fig. 13illustrates the normalised turbine stage efficiency for different values of log4 (SPR) for a turbine produced
by the design step 104, when the candidate design point 242 of Fig. 12 is selected as the design point. The point 252
is the point on the turbine efficiency curve which has the same log,, (SPR) value as the design point 242. The point 251
indicates the efficiency of the turbine produced by the design step 104 at the "inverse design point", i.e. it has a log,
(SPR) value which is the negative of the log,o (SPR) value at the design point 242. The turbine efficiency for point 252
is higher than for point 251.

[0061] Fig. 14 is a plot of the turbine stage efficiency, versus mass flow rate of two turbines designed in step 104. The
horizontal axis indicates the degree of asymmetry in the pressures P; 4 and P ,, with the left of the figure indicating that
gas only enters the turbine through a single volute, and the right of the figure indicating that the pressures P 4 and P53 ,
are equal. Points on the horizontal axis between these extremes are partial admission.

[0062] The curve for a relatively low value of reaction is shown as line 261, and the curve for a relatively high value
is shown as line 262. For comparison, Fig. 14 also includes corresponding lines illustrating the turbine stage efficiency
which would be obtained in the case of a turbine which is designed by a known design method assuming equal admission,
for a relatively low value of reaction (line 263) and a relatively high reaction (line 264). It will be seen that designing the
turbine taking into account the partial admission improves the efficiency over the whole of the range. It will also be seen
that whereas, for the turbine designed assuming equal admission, a low reaction has higher efficiency when the flow is
equal in the two volutes, and a high reaction has higher efficiency when the mass flow is in a single volute, in the case
that the design of the turbine is optimized for partial admission, it is found to be always better to have a low reaction. In
a conventional design process, because line 264 is above line 263 for most levels of asymmetry, it is typical to choose
the reaction to take a high value. By contrast, the design process of method 100 suggests using a lower reaction.
[0063] Instep 105, the distribution of turbine efficiency for each of the turbine designs obtained in step 104, is calculated.
From the result, an optimal reaction value for a turbine for the real engine is selected. Fig. 15 shows a plot of the
normalised turbine efficiency, for respective values of log4q (SPR), for three turbines generated in step 104 using different
respective values of reaction. Line 271 illustrates the efficiency of a turbine generated using a reaction value of 1.1. Line
272 illustrates the efficiency of a turbine generated using a reaction value of 1.0. Line 273 illustrates the efficiency of
turbine generated using a reaction value of 0.9. Thus, a reaction value of 0.9 is found to be superior to the other two
values for this engine. Surprisingly, the curve 273 has a higher efficiency than the lines 271, 272 for all values of log4,
(SPR), although it might have been expected only to have higher efficiency near the design points.

[0064] In step 106, using the reaction selected in step 105, the critical areas of the wheel and housing are calculated.
This is done using the selected reaction and another assumed constraint, such as a total mass flow associated with the
real internal combustion engine (e.g. specified by a manufacturer of the engine).

[0065] In step 107, an optional further design step is carried out using the design point and the critical areas obtained
in step 106, to obtain a final turbine design. This optimization step can be carried out using the same optimisation process
as used in step 104. Note that if the optimal reaction value selected at step 105 is one of the reaction values used in
step 104, then step 107 can be omitted. That is, the corresponding one of the candidate turbine designs produced in
step 104 can be used as the final turbine design.

[0066] Instep 108, a turbo-chargerincluding a turbine according to the final turbine design is produced (manufactured).
This can be done using a conventional manufacturing process, such as casting.

[0067] The explanation of the embodiment above includes an explanation of how representative operating points 241,
242 are obtained in the embodiment. Brinkert et al, "Konsequente Weiterentwicklung von Stoss-/Stauaufladung am 4-
Zylinder Ottomotor", Dresden Supercharging Conference 2014 also describes a process for obtaining average operating
points from pulsatile turbine data. However, this method does not employ isentropic power weighted points, does not
involve a filtration of the design points, and is believed to be inferior. Nor does this reference disclose a use for the
average operating points.

[0068] Although only a single embodiment of the invention has been described in detail, many variations are possible
within the scope of the invention defined by the appended claims. For example, in a variant the embodiment, SPR may
instead be defined as the reciprocal of the right side of Eqn. (2).

[0069] In a further variant, rather than using the isentropic powers associated with the respective data points to obtain
isentropic-power weighted means, it would alternatively be possible to use the isentropic power in other ways, e.g. to
filter out data points for which the isentropic power is less than a threshold (e.g. a certain proportion of its maximum
value), and to obtain the design points using the remaining data points.

[0070] Furthermore, in other variants of the embodiment, the method of Fig. 6 may be carried out while obtaining the
design point in step 102 in a different manner, e.g. as a weighted point which is not an isentropic weighted mean.
[0071] Furthermore, embodiments are possible in which the designed turbine is not a twin-type (in which both gas
input volutes 19a, 19b enter the wheel chamber at the same rotational position about the axis 2 of the turbine wheel),
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but instead are of a type in which the volutes open into the wheel chamber at angular positions which are spaced from
other by a 180 rotation about the rotational axis 2 of the wheel.

Claims

1. A method for determining at least one design parameter of a turbine for an internal combustion engine, the turbine
including a pair of gas inlet volutes (19a, 19b) for transmitting exhaust gas emitted by respective groups of one of
more cylinders (41, 42, 43; 44, 45, 46) of the engine to a chamber of the turbine which houses a turbine wheel (14),
the exhaust gas entering a first of the volutes having different a pressure waveform from the pressure waveform of
the exhaust gas entering the other volute, and the two pressure waveforms (51, 52) being out of phase, the method
including:

obtaining time series data as data points indicative of the available turbine power at each gas inlet volute over
an engine cycle;

obtaining an isentropic power value associated with each data point;

obtaining a design point from the time series data and the corresponding isentropic power values; and
selecting the at least one design parameter to maximise power efficiency at the design point.

2. A method according to claim 1 in which the design point is obtained based on at least one of an isentropic-power
weighted mean turbine expansion ratio, and an isentropic-power weighted mean scroll pressure ratio.

3. A method according to claim 1 or claim 2 in which a respective candidate design point is obtained for each volute,
and the design point is obtained by selecting from the candidate design points..

4. A method according to any preceding claim in which the design point is obtained using a sub-set of the time series
data, the sub-set of the time series data being obtained by deriving a respective scroll pressure ratio for each of a
number of data points of the time series data, and filtering (301) the data points of the time series data using the
respective scroll pressure ratio.

5. A method according to claim 4, when dependent on claim 3, in which the respective candidate design point for each
volute is determined from isentropicdata points for a portion of the engine cycle in which the pressure in the respective
volute is greater than in the other volute.

6. A method according to any preceding claim, in which there is at least one design parameter for each respective
volute which is chosen using the design point.

7. A method according to any preceding claim in which the selecting the at least one design parameter includes:

a first step of, for a plurality of reaction values indicative of the ratio of a critical area of the turbine housing and
a critical area of the turbine wheel, generating corresponding initial parameters of the turbine based on the
design point; and

from the initial parameters, choosing a reaction value.

8. A method of determining at least one design parameter of a turbine for an internal combustion engine, the turbine
including a pair of volutes (19a, 19b) for transmitting exhaust gas emitted by respective groups of one of more
cylinders (41, 42, 43; 44, 45, 46) of the engine to a chamber of the turbine which houses a turbine wheel, the exhaust
gas entering a first of the volutes having different a pressure waveform from the pressure waveform of the exhaust
gas entering the other volute, and the two pressure waveforms (51, 52) being out of phase, the method including:

obtaining time series data as data points indicative of the available turbine power at each gas inlet volute over
an engine cycle;

using the time series points to obtain a design point;

a first design step of, for a plurality of reaction values indicative the ratio of a critical area of the turbine housing
and a critical area of the turbine wheel, generating corresponding initial parameters of the turbine based on the
design point; and

from the initial parameters, choosing a reaction value,

the at least one design parameter being a design parameter of a turbine having the chosen reaction value.
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A method according to claim 7 or claim 8, further including
a second design step of generating (107) parameters of the turbine based on the design point for the chosen reaction
value.

10. A method for producing a turbine for an internal combustion engine, comprising:

determining at least one design parameter of the turbine by a method according to any preceding claim; and
forming (101) a turbine which exhibits the determined design parameter.

11. A method according to claim 10 further comprising forming a turbocharger including the turbine.

Patentanspriiche

1.

Verfahren zum Bestimmen mindestens eines Entwurfsparameters einer Turbine flr eine Brennkraftmaschine, wobei
die Turbine ein Paar von Gaseinlassspiralgehdusen (19a, 19b) zum Ubertragen von Abgas, das von jeweiligen
Gruppen eines oder mehrerer Zylinder (41, 42, 43; 44, 45, 46) der Maschine abgegeben wird, zu einer Kammer der
Turbine, die ein Turbinenrad (14) aufnimmt, einschlieRt, wobei das Abgas in ein erstes der Spiralgehduse mit einer
Druckwellenform eintritt, die von der Druckwellenform des Abgases unterschiedlich ist, das in das andere Spiral-
gehause eintritt, und die beiden Druckwellenformen (51, 52) phasenverschoben sind, wobei das Verfahren Folgen-
des einschliefdt:

Erhalten von Zeitreihendaten als Datenpunkte, die die verfligbare Turbinenleistung an jedem Gaseinlassspi-
ralgehduse Uber einen Maschinenzyklus anzeigen;

Erhalten eines isentropischen Leistungswertes, der jedem Datenpunkt zugeordnet ist;

Erhalten eines Entwurfspunktes aus den Zeitreihendaten und den entsprechenden isentropischen Leistungs-
werten; und

Auswahlen des mindestens einen Entwurfsparameters zum Maximieren der Leistungseffizienz an dem Ent-
wurfspunkt.

Verfahren nach Anspruch 1, wobei der Entwurfspunkt basierend auf mindestens einem von einem mit isentropischer
Leistung gewichteten mittleren Turbinenexpansionsverhaltnis und einem mit isentropischer Leistung gewichteten
mittleren Spiralendruckverhaltnis erhalten wird.

Verfahren nach Anspruch 1 oder Anspruch 2, wobei ein jeweiliger Kandidatenentwurfspunkt fur jedes Spiralgehause
erhalten wird und der Entwurfspunkt durch Auswahlen aus den Kandidatenentwurfspunkten erhalten wird.

Verfahren nach einem der vorhergehenden Anspriiche, wobei der Entwurfspunkt unter Verwendung einer Unter-
gruppe der Zeitreihendaten erhalten wird, wobei die Untergruppe der Zeitreihendaten durch Ableiten eines jeweiligen
Scroll-Druckverhaltnisses fur jeden einer Anzahl von Datenpunkten der Zeitreihendaten und Filtern (301) der Da-
tenpunkte der Zeitreihendaten unter Verwendung des jeweiligen Scroll-Druckverhaltnisses erhalten wird.

Verfahren nach Anspruch 4, wenn er von Anspruch 3 abhangt, wobei der jeweilige Kandidatenentwurfspunkt fir
jedes Spiralgehause anhand von isentropischen Datenpunkten fiir einen Abschnitt des Maschinenzyklus bestimmt
wird, in dem der Druck in dem jeweiligen Spiralgehause groRer als in dem anderen Spiralgehause ist.

Verfahren nach einem der vorhergehenden Anspriiche, wobei es mindestens einen Entwurfsparameter fiir jedes
jeweilige Spiralgehduse gibt, der unter Verwendung des Entwurfspunkts ausgewahlt wird.

Verfahren nach einem der vorhergehenden Anspriiche, wobei das Auswahlen des mindestens einen Entwurfspa-
rameters Folgendes einschlief3t:

einen ersten Schritt des Erzeugens von entsprechenden Anfangsparametern der Turbine basierend auf dem
Entwurfspunkt fir eine Vielzahl von Reaktionswerten, die das Verhaltnis eines kritischen Bereichs des Turbi-
nengehauses und eines kritischen Bereichs des Turbinenrads anzeigen, und

Auswahlen eines Reaktionswertes anhand der Anfangsparameter.

Verfahren zum Bestimmen mindestens eines Entwurfsparameters einer Turbine fiir eine Brennkraftmaschine, wobei
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die Turbine ein Paar von Gaseinlassspiralgehdusen (19a, 19b) zum Ubertragen von Abgas, das von jeweiligen
Gruppen eines oder mehrerer Zylinder (41, 42, 43; 44, 45, 46) der Maschine abgegeben wird, zu einer Kammer der
Turbine, die ein Turbinenrad aufnimmt, einschlief3t, wobei das Abgas in ein erstes der Spiralgehduse mit einer
Druckwellenform eintritt, die von der Druckwellenform des Abgases unterschiedlich ist, das in das andere Spiral-
gehause eintritt, und die beiden Druckwellenformen (51, 52) phasenverschoben sind, wobei das Verfahren Folgen-
des einschlief3t:

Erhalten von Zeitreihendaten als Datenpunkte, die die verfligbare Turbinenleistung an jedem Gaseinlassspi-
ralgehduse Uber einen Maschinenzyklus anzeigen;

Verwenden der Zeitreihenpunkte, um einen Entwurfspunkt zu erhalten;

einen ersten Entwurfsschritt des Erzeugens von entsprechenden Anfangsparametern der Turbine basierend
auf dem Entwurfspunkt fiir eine Vielzahl von Reaktionswerten, die das Verhaltnis eines kritischen Bereichs des
Turbinengehauses und eines kritischen Bereichs des Turbinenrads anzeigen, und

Auswahlen eines Reaktionswertes anhand der Anfangsparameter,

wobei der mindestens eine Entwurfsparameter ein Entwurfsparameter einer Turbine mit dem ausgewahlten
Reaktionswert ist.

9. Verfahren nach Anspruch 7 oder Anspruch 8, ferner Folgendes einschlieend

einen zweiten Entwurfsschritt des Erzeugens (107) von Parametern der Turbine basierend auf dem Entwurfspunkt
fur den ausgewahlten Reaktionswert.

10. Verfahren zum Herstellen einer Turbine fiir eine Brennkraftmaschine, umfassend:

Bestimmen mindestens eines Entwurfsparameters der Turbine durch ein Verfahren nach einem der vorherge-
henden Anspriiche; und
Bilden (101) einer Turbine, die den bestimmten Entwurfsparameter aufweist.

11. Verfahren nach Anspruch 10, ferner umfassend das Bilden eines Turboladers, der die Turbine einschlief3t.

Revendications

1. Procédé pour déterminer au moins un parameétre de conception d’'une turbine pour un moteur a combustion interne,
la turbine incluant une paire de volutes d’entrée de gaz (19a, 19b) pour transmettre des gaz d’échappement émis
par des groupes respectifs d’un ou plusieurs cylindres (41,42, 43; 44, 45, 46) du moteur a une chambre de la turbine
qui loge une roue de turbine (14), le gaz d’échappement entrant dans une premiére des volutes ayant une forme
d’'onde de pression différente de la forme d’onde de pression du gaz d’échappement entrant dans 'autre volute, et
les deux formes d’onde de pression (51, 52) étant déphasées, le procédé incluant:

I'obtention de données de séries temporelles comme points de données indicatifs de la puissance de turbine
disponible au niveau de chaque volute d’entrée de gaz sur un cycle moteur;

I'obtention d’'une valeur de puissance isentropique associée a chaque point de données;

I'obtention d’'un point de conception a partir des données de séries temporelles et des valeurs de puissance
isentropiques correspondantes; et

la sélection de I'au moins un parameétre de conception pour maximiser le rendement énergétique au niveau du
point de conception.

2. Procédé selon la revendication 1, dans lequel le point de conception est obtenu sur la base d’au moins I'un parmi
un rapport d’expansion de turbine moyen pondéré en puissance isentropique, et un rapport de pression de volute
moyen pondéré en puissance isentropique.

3. Procédé selon la revendication 1 ou la revendication 2, dans lequel un point de conception candidat respectif est
obtenu pour chaque volute, et le point de conception est obtenu en effectuant une sélection parmi les points de
conception candidats.

4. Procédé selon I'une quelconque des revendications précédentes, dans lequel le point de conception est obtenu en

utilisant un sous-ensemble des données de séries temporelles, le sous-ensemble des données de séries temporelles
étant obtenu par la dérivation d’'un rapport de pression de volute respectif pour chacun d’'un nombre de points de

1"



10

15

20

25

30

35

40

45

50

55

10.

1.

EP 3 714 143 B1

données des données de séries temporelles, et par le filtrage (301) des points de données des données de séries
temporelles en utilisant le rapport de pression de volute respectif.

Procédé selon la revendication 4, lorsque qu’elle dépend de la revendication 3, dans lequel le point de conception
candidat respectif pour chaque volute est déterminé a partir de points de données isentropiques pour une portion
du cycle moteur dans laquelle la pression dans la volute respective est supérieure a celle dans I'autre volute.

Procédé selon I'une quelconque des revendications précédentes, dans lequel il y a au moins un parametre de
conception pour chaque volute respective qui est choisie en utilisant le point de conception.

Procédé selon 'une quelconque des revendications précédentes, dans lequel la sélection de I'au moins un paramétre
de conception inclut:

une premiere étape de, pour une pluralité de valeurs de réaction indicatrices du rapport d’'une zone critique du
logement de turbine et d’'une zone critique de la roue de turbine, de génération de parametres initiaux corres-
pondant de la turbine sur la base du point de conception; et

a partir des parameétres initiaux, le choix d’une valeur de réaction.

Procédé de détermination d’au moins un parametre de conception d’une turbine pour un moteur a combustion
interne, la turbine incluant une paire de volutes (19a, 19b) pour transmettre le gaz d’échappement émis par des
groupes respectifs d’'un ou plusieurs cylindres (41, 42, 43; 44, 45, 46) du moteur a une chambre de la turbine qui
loge une roue de turbine, les gaz d’échappement entrant dans une premiére des volutes ayant une forme d’onde
de pression différente de la forme d’onde de pression des gaz d’échappement entrant dans I'autre volute, et les
deux formes d’onde de pression (51, 52) étant déphasées, le procédé incluant:

I'obtention de données de séries temporelles comme points de données indicatifs de la puissance de turbine
disponible au niveau de chaque volute d’entrée de gaz sur un cycle moteur;

I'utilisation des points de séries temporelles pour obtenir un point de conception;

une premiére étape de conception de, pour une pluralité des valeurs de réaction indicatrices du rapport d’'une
zone critique du logement de turbine et d’'une zone critique de la roue de turbine, génération de paramétres
initiaux correspondants de la turbine sur la base du point de conception; et

a partir des parameétres initiaux, le choix d’une valeur de réaction,

'au moins un paramétre de conception étant un parametre de conception d'une turbine ayant la valeur de
réaction choisie.

Procédé selon la revendication 7 ou la revendication 8, incluant en outre
une seconde étape de conception de génération (107) de paramétres de la turbine sur la base du point de conception
pour la valeur de réaction choisie.
Procédé de production d’une turbine pour un moteur a combustion interne, comprenant:
la détermination d’au moins un paramétre de conception de la turbine par un procédé selon 'une quelconque
des revendications précédentes; et

le fait de former (101) une turbine qui présente le paramétre de conception déterminé.

Procédé selon la revendication 10, comprenant en outre le fait de former un turbocompresseur incluant la turbine.
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